ABSTRACT Cholesteryl sulfate is a normal constituent of human spermatozoa. The in vitro uptake of tritiated cholesteryl sulfate resulted in the labeling of all spermatozoa as demonstrated by light-microscope radioautography. The binding of the sterol sulfate was localized mainly in the head and midpiece. Radioautography at the level of the electron microscope revealed that the sterol sulfate is localized on the plasma membrane, mostly in the region of the acrosome. Further proof for this localization was obtained by selective dissolution of the plasma membrane and acrosome of the spermatozoa with low concentrations of Triton X-100. This treatment resulted in the simultaneous removal of tritiated cholesteryl sulfate bound to the spermatozoa. A hypothesis is presented concerning the role of cholesteryl sulfate as a membrane stabilizer and enzyme inhibitor during the maturation of spermatozoa in the epididymis. According to this hypothesis, the cleavage ofthe sulfate moiety within the female reproductive tract triggers a cascade of events leading to sperm capacitation and fertilization. One of the challenges remaining in reproductive biology is the elucidation ofthe biochemical events involved in the maturation and capacitation of mammalian spermatozoa. A review of the literature (1) (2) (3) (4) (5) indicates that the following biochemical events occur during capacitation. Stabilizing factor(s), associated with the spermatozoal membrane during transit or storage within the epididymis inhibit the release ofacrosomal enzymes in the male tract, but the factor(s) must be removed during migration in the female tract to allow the contact of the acrosomal enzymes with the investments of the ovum in order to facilitate penetration. Removal ofthe stabilizing substance(s) is thought to be enzymecatalyzed and involves changes in membrane conformation and permeability, ultimately leading to the acrosome reaction.
Evidence is accumulating in support of our contention that sterol sulfates play an important role in the biochemistry of sperm maturation and capacitation. Thus, we have reported that cholesteryl sulfate (CholSO4) is an important component of human spermatozoa and is avidly taken up by these cells during in vitro incubation (6, 7) . In addition, during transit through the epididymis, hamster spermatozoa exhibit a severalfold increase in desmosteryl sulfate concentration from the caput to the cauda regions (8) . The finding of sterol sulfotransferase activity in the hamster epididymis (9) demonstrates that the biosynthesis of sterol sulfates can occur in this tissue.
That low concentrations of sterol sulfates can block in vitro capacitation by hamster cumulus cells (10) and also inhibit acrosin (11) , the sperm acrosomal proteinase involved in the penetration of the zona pellucida of the ovum (12) , provides evidence that sterol-sulfatase (sterol-sulfate sulfohydrolase, EC 3.1.6.2) could be involved in the mechanism of sperm capacitation and ovum penetration. Furthermore, sterol-sulfatase is present in the human female reproductive tract (6) and in the hamster reproductive tract, where maximal activity is attained after ovulation (13) . In view of the fact that CholSO4 has been implicated in the stabilization of the erythrocyte membrane (14) , the enzymatic hydrolysis of sterol sulfates on the sperm membrane by sterol-sulfatase present in the female tract could represent a membrane destabilization event leading to capacitation and the acrosome reaction.
The purpose of the present study was to localize CholSO4 in human spermatozoa at the ultrastructural level in relation to its possible involvement in sperm capacitation. and purified by column chromatography (15) ; radiochemical homogeneity was verified by thin-layer chromatography (6) .
MATERIALS AND
Spermatozoa were obtained from sperm-bank donors of proven fertility and exceptionally good semen characteristics. Within 2 hr after ejaculation, the seminal plasma was separated from the spermatozoa by centrifugation at 600 x g for 10 min. The cells were resuspended and washed in a sperm diluent prepared by the method ofLopata et al. (16) 
RESULTS
Spermatozoa incubated with labeled CholSO4 took up 55% of the radioactivity incubated with the cells. Light-microscope radioautographs showed, that all of the spermatozoa were labeled. This uptake of CholSO4 was mainly concentrated in the region of the head and midpiece, and a weaker silver grain density was found along the principal piece, whereas control spermatozoa showed a random distribution of silver grains corresponding to the background (Fig. 1) . These experiments using light-microscope radioautography confirm our previous report (6) concerning the uptake of the sterol sulfate.
The grain count on the electron-microscope radioautographs (Table 1) revealed that the number ofgrains.found overthe cellular surface area (50.1 grains per 100 cm2) was much higher than that obtained on noncellular surface area (2.6 grains per 100 cm2), indicating that, under our conditions, CholSO4 was not a diffusible substance, as observed in the case of unconjugated cholesterol. Thus, only 3.5% of sperm-bound CholSO4 was lost in the alcohol and propylene oxide washes during the dehydration steps.
Analysis of the cellular distribution of grains associated with spermatozoa after a 1-mo exposure (Fig. 2) revealed that the major proportion (47%) of the grains appeared over the acrosome (Table 2) . Furthermore, 78% of the [3H]CholSO4 bound to sperm cells was located at the cell surface. A significant number of grains were also associated with the membrane debris.
The presence of grains on acrosomal membrane fragments still attached to spermatozoa (Fig. 2 b, (Fig. 3 ). Treatment of spermatozoa with increasing concentrations of Triton X-100 resulted in the removal ofthe bound [3H]CholSO4. At a concentration of 0.04% of the detergent, as much as 85% ofthe bound CholSO4 was extracted (Fig. 4) . This treatment also resulted in the concomitant removal of the plasma membrane and the acrosome (Fig. 5) .
DISCUSSION
The ultrastructural localization of CholSO4 at-the level of the plasma membrane is in accord with our contention that this class of compound is involved in a stabilization process. The interaction ofsterol sulfates with biomembranes is supported by the finding that CholSO4 is as potent as free Chol with regard to its interaction with phospholipids (17) ; thus, the 3,B3hydroxyl group is not an absolute requirement for this interaction. Hydrogen bonding through the water associated with the sulfate and phospholipid head groups and the bulkiness of the sulfate moiety, would favor the localization ofCholSO4 on the external monolayer of the plasma membrane. If this is so, the calculated surface covered by the endogenous sterol sulfate on the human spermatozoon amounts to as much as 20% of the surface of the head (Table 3 ). This percentage of surface area covered by CholSO4 would be of even greater magnitude over the acrosomal segment, where most of the conjugate is localized, be- cause the surface area of the acrosome is less than that of the entire head used in the calculation. In view of the heterogeneous density patterns of unconjugated sterol observed in guinea pig sperm plasma membranes (20) , it is possible that CholSO4 may be concentrated in specific areas ofthe acrosomal segment. The preferential localization of CholSO4 in the membranes overlying the acrosome provides further support for its involvement in the regulation of sperm capacitation. Molecular modifications of the plasma membrane of mammalian spermatozoa occur during in vitro capacitation, which is characterized by an increase in the transport of calcium (21) and a decrease in the Chol/phospholipid ratio (22, 23) . Chol and lecithin are major components of biological membranes, and any alterations in their structure or molar ratio, or both, may result in profound changes in membrane fluidity and permeability. The production of lysolecithin and Chol esters during (24) . LCAT is present in porcine follicular fluid (25) , and because LCAT exhibits a high affinity for high density lipoproteins (26) which are found in human plasma and follicular fluid (27) , LCAT also may be a component of human follicular fluid. Capacitation factors are present in this fluid (28) , and it is noteworthy that it also contains a high concentration (29), a major component of artificial media inducing in vitro capacitation (30) .
Because albumin stimulates phospholipase A2 (31), ACAT (32) , and LCAT (33, 34) , the role of albumin in sperm capacitation may be that of regulating the Chol/phospholipid ratio of the plasma membrane. Although albumin probably stimulates LCAT through entrapment of Chol esters (35) , the sterol esterification activity ofLCAT is inhibited by CholSO4 (36 Analysis of the foregoing data has led us to propose the following biochemical events in an attempt to explain sperm capacitation and the acrosome reaction in vivo. Sterol-sulfatase ensures the enzymatic hydrolysis of the sulfate moiety of membrane-bound CholSO4 and, thereby, increases the levels offree Chol available for esterification. Activation ofphospholipase A2 and ACAT or LCAT (or both) by albumin would alter the Chol/ phospholipid ratio with the formation of Chol esters and lysolecithin. Accumulation of lysolecithin would increase membrane permeability towards Ca2' and initiate the acrosome reaction. Sterol-sulfatase could, also activate the proteolytic activity of acrosin (11) , which is reported to be involved in the acrosome reaction (37) and in the penetration of the zona pellucida (12) . Thus, the enzymatic cleavage of the sulfate moiety of CholSO4 at the sperm surface may represent a natural event taking place prior to the destabilization ofthe plasma membrane leading to the acrosome reaction and fertilization.
Much of the data in the literature can be interpreted to lend support to this proposed mechanism. The uptake of sterol sulfates by the spermatozoal plasma membrane during epididymal transit (8) would explain, at least in part, the negative charge that accumulates on the sperm surface during maturation. Indeed, it has been suggested that sulfate groups may contribute to this negative charge (38) . Furthermore, sterol-sulfatase, a key enzyme in our hypothesis, is present in human endometrium, Fallopian tube, and Graffian follicle (6) and could account for the diminution in the negative charge at the surface of spermatozoa during their capacitation (39). In addition, in vitro capacitation may be induced with follicular fluid (28, 39, 40) or serum (41, 42) , both ofwhich contain LCAT (24, 25) , an enzyme that is inhibited by CholSO4 (36) . After heat treatment, follicular fluid (28, (40) (41) (42) (43) (44) and serum (41, 42) retain their ability to capacitate sperm in vitro. It is submitted that this property is due to their content oflysolecithin, a heat-stable fusogenic substance. Penetration of rabbit ova may be achieved in vitro by rabbit sperm pretreated with uterine fluid or with lysolecithin (45) , which results in ultrastructural changes similar to those described in capacitated spermatozoa undergoing the acrosome reaction (46) . In vitro capacitation of human spermatozoa leads to an accumulation of lysolecithin (47) . Ultimately, increased membrane concentrations of lysolecithin create conditions for cell fusion (48) (49) (50) .
The activity of capacitation factors would seem to be under hormonal regulation as maximal uterine levels of albumin (51) and capacitation activity (52) are observed in the estrogen-stimulated situation, whereas these levels are significantly diminished under the control of progesterone. The latter hormone also inhibits sterol-sulfatase (53, 54) . Thus, the hormonal control of capacitation may be effected through changes induced in the concentration of the key components of the proposed hypothesis.
